The voltage distribution in a zinc oxide (ZnO) surge arrester under normal operating conditions has been observed to he non-uniform. The discs at the top are subjected to a higher voltage and hence thermal stresses: leading to a faster thermal ageing of these highly stressed discs. Therefore, efforts are generally made to make the voltage distribution as uniform as possible. The voltage distribution in the arrester is governed by the geometry as well as the electrical properties of the materials used. To improve the voltage distribution, some changes in geometry are relatively easier to implement. The authors employ a numerical field computation approach to ascertain the influence of the geometry of different components of the arrester on its voltage distribution. Practical geometries of a 220 kV and a 400 kV class arrester are considered under both clean and uniformly polluted conditions. Some optimum values for the geometry of the components are obtained.
Introduction
Zinc oxide (ZnO) surge arresters have been used extensively in high voltage power systems for providing protection to the insulation in power apparatus against dangerous overvoltages. The life of these arresters is dependent on their steady state performance. It has been observed in practice that the voltage distribution in the arrester is quite non-uniform. As a result, the discs at the top share a higher voltage and hence higher thermal stresses than the remaining discs. This leads to a faster thermal ageing of the discs at the top. To overcome this problem efforts are generally made to make the voltage distribution as uniform as possible. This calls for a study on voltage distribution. The voltage distribution can be studied either experimentally or theoretically. Generally the theoretical approach is cost-effective and versatile. Different numerical methods such as the finite element method [I-4] and the charge simulation method /3/have been employed in the literature. The equivalent circuit approach was also attempted with various equivalent capacitances obtained using the field solution [1, 4] . Many workers have validated their theoretical results by conducting laboratory experiments on the actual arrester assembly [2. 3, 5] . This has provided further validity and strength to the field theoretical approach.
The voltage distribution in an arrester is obviously governed by the geometry of the different components and the electrical properties of the participating materials. Of these, implementing changes in geometry is preferred for obtaining a more uniform voltage distribution. The earlier works [1] [2] [3] [4] [5] were not concerned with the dependence of voltage distribution on the geometry of different components of the arrester. The present work aims to address this. Further, surface conduction arising from environmental pollution has not been considered in the earlier theoretical studies on voltage distribution. The present work also attempts to partly address this issue for uniform axisymmetric pollution deposition.
The numerical solution of the associated quasi-static electric fields is carried out for the study and will he dealt with first.
Solution of the electric field
For the field solution, a surge arrester presents a semi-open geometry with a large aspect ratio. A boundary-based method called the surface charge simulation method (SCSM), also sometimes termed the boundary element method (BEM), is adopted for the field computation. Under clean environmental conditions, conduction is limited to only the varistor discs and the ratio of capacitive displacement current to conduction current will he large [6] . Consequently, the voltage distribution will be capacitive,i.e. fully governed by the dielectric permittivities of the participating media. However, with surface conduction arising from pollution deposition, the governing field distribution tends to be capacitive-resistive, and hence the corresponding field solution is needed. The details of the SCSM formulation for both clean and polluted conditions are given in the Appendix (Section 6).
As in earlier works, only one phase is considered for analysis. This makes the problem axi-symmetricand hence only the solution of an axi-symmetric field is sought.
For the verification of the methodology and code, the experimental results of Kojima et al. [5] were considered. The computed voltage distribution (with the geometry taken from their paper) is compared with their experimental data in Fig. 1 . The maximum difference is only 6%, thus validating the numerical solution methodology.
3
Voltage distribution studies
Influence of the geometry of the components on the voltage distribution
The practical geometries of 220 kV and 400 kV class arresters are considered. Fig. 2 gives the cross-sectional details of the container along with the major dimensions. The total heights of these 220 kV and 400 kV arresters are 2.66m and 3.79m, respectively. Unless otherwise stated the simulations are carried out for arresters with 6 kV discs.
3.7,7
Influence of the grading ring (toroid) position: The grading ring is employed to make the voltage distribution uniform. Its efficacy is clearly dependent on its relative position. height, pu arrester height. However, in reality, due to the increase in conductivity of the discs with the voltage gradient, the actual maximum stress can be less than these values. Nevertheless, the optimum height obtained from the studies would remain unaltered. The variation of maximum gradient with ring position can be explained as follows. The electrostatic coupling between the stack and the ground causes a nonlinear distribution of the voltage. When the ring is present it provides additional electrostatic coupling to the stack from the source, which will partly compensate for the coupling to the ground and as a consequence the voltage distribution improves. When the height of the ring is the same or greater than the stack height, the coupling provided by the ring to the top portion ofthe stack is more than that to the bottom portion of the stack. However, the voltage difference between the top portion discs and the ring is less, when compared to the bottom portion discs, lessening the improvement in the voltage distribution. As the ring height is lowered, the coupling to the bottom portion improves and the voltage at the bottom portion increases; consequently the voltage gradient at the top portion decreases. After an optimum point, further lowering ofthe ring results in increased coupling to the middle and bottom portions and the maximum gradient point shifts towards the middle. Consequently, the magnitude of the maximum gradient starts to increase.
3.1,2 Influence of cross-section of the toroid:
The coupling provided by the ring is obviously dependent on the cross-section. To ascertain this, the cross-sectional radius of the ring was varied and the voltage distribution was computed with the ring kept at the same optimum height. Table 2 gives the computed maximum gradients. It seems lo be very advantageous to have a ring with a larger cross-sectional radius for minimising the maximum gradient to which varistor elements are subjected.
The major radius ofthe ring is not vaned as it can affect the clearance requirement between different phases. 
Effect of spacers:
The voltage rating of the arrester depends on both the earth coefficient factor and the line-to-line voltage of the power system. The height of the porcelain housing is dependent on the voltage rating of the arrester and the environmental pollution conditions. Thus, for a given voltage rating, the total height of the discs will be less than the height of the housing and hence metallic spacers are employed to make up the extra height. These spacers can form up to 40% of the arrester height. To ascertain the effect of these spacers, two cases were considered: arresters with 6kV discs and attesters with 3kV discs. The total heights of the discs with 6kV discs are approximately 1.44m and 2.52m for 220 kV and 400kV classes, respectively. The corresponding values with 3 kV varistors are 1.86m and 3.25m, respectively. Therefore, with 3 kV discs, spacer requirements are less than with 6kV discs. The computed gradients are given in Table 3 . It is clear from the Table that the lower the spacer height? the better is the voltage distribution. This is because the presence of the spacers increases the average voltage per unit length along the arrester and hence the current to stray couplings to ground, thus making the voltage distribution more non-uniform. Spacers in general can be placed either at the top or at the bottom, or equally divided between the lop and bottom of each container. As spacers arc inevitable, studies were undertaken to check for a better placement of these spacers, which possibly can give a lower maximum stress. The ring was kept at 80% height for both of the arresters. The computed voltage gradients from the study are given in Table 4 . From the Table, it is evident that placing the spacer at the bottom of the container gives a minimum gradient. With this arrangement, the coupling provided by the grading ring to the discs is greater, compared to other spacer positions, and the average voltage along the arrester is relatively smaller. Therefore, there is a better voltage distribution, which results in a corresponding reduction in the maximum stress.
With the larger diameter discs, the displacement current through the discs becomes much stronger than that lo stray couplings to the ground. As a consequence, the voltage distribution is found to improve. An increase in diameter of the porcelain container and a moderate variation in the base height of the stack are found to have insignificant influence on voltage distribution.
Voltage distribution studies under polluted conditions
The pollution severity depends on the environmental conditions in the location where the surge arresters are employed. Owing to various wetting processes, the pollution deposition on the porcelain container attains some conductivity. The higher the pollution levels, the higher the surface conductivity, and therefore the better the voltage distribution must be (if uniform deposition is assumed). Three levels are considered for the study, assuming uniform deposition: relatively dry deposition (surface conductivity = 1.0 nS), a low pollution level (68 nS) and a medium pollution level (10 4 nS) [7] . The computed voltage distributions for three different conductivities arc shown in Figs. 5 and 6. Table 5 gives corresponding maximum voltage gradients. In the computations, the toroid was held at the optimum position obtained for clean conditions and uniform deposition was assumed. It is evident from the Table that the surface conduction due to a medium level of pollution is sufficient to nullify the effect of electrostatic couplings to the ground. In other words, current through the pollution layer becomes much stronger than that into electrostatic couplings to the ground. height, pu
-

Fig. 5 Voltage distribution in 220kV arrester under various pollution levels
Computations indicate that the effects of ring position and its cross-sectional diameter, and of spacer dimensions; are similar to those with clean conditions, However, with pollution the maximum gradients are lower than for clean conditions. Only uniform pollution is considered here.
Summary and Conclusions
It is important to make the voltage distribution in the ZnO arresters as uniform as possible. The voltage distribution is dependent on the geometry as well as the electrical properties of the materials of the surge arrester assembly. Some changes of geometry can he attempted to improve the voltage distribution. A study has been made of the influence of the geometry of different components of the arrester on its voltage distribution (under normal operating conditions), Both clean and uniformly polluted conditions were considered. For clean conditions, the maximum gradient for all cases occurs at the top. There is an optimum height for the grading ring ranging between 75 and 86% of the stack height at which this maximum gradient falls to a minimum. An increase in the cross-sectional diameter of the ring aids in reducing the maximum gradient.
The metallic spacers, which become necessary to make up the total height? arc found to cause an increase in the maximum gradient. With 3 kV discs; the spacer requirement is lesser and hence the maximum gradient is lower. Placing spacers at the bottom of each container is found to give a minimum stress, compared to spacers placed at the top and equally distributed between top and bottom. Both the base height and the diameter of the container are found to have an insignificant influence on the voltage distribution for the possible variation range.
Under uniformly polluted conditions, the voltage distribution remains non-uniform only for low pollution levels and relatively dry conditions. The influence of height and cross-sectional diameter of the ring, and height of the spacer; is found to be similar to that under clean conditions.
In conclusion, the present work has studied the influence of the geometry of different components of both 200 kV and 400 kV class outdoor ZnO surge arresters on their voltage distribution. Both clean and uniformly polluted conditions have been considered: and some optimum values for the geometry have been deduced.
Appendix: Details of the field computation method
The surface charge simulation method (SCSM) employed in the present work is adopted from [8] . In an electrostatic field the applied excitation induces real charges on the conductor surface and apparent (polarisation) charges in dielectrics. The resulting field distribution is equivalent to that produced by surface charge distributions on the conductor boundaries and fictitious charge distributions at the dielectric interface with dielectrics replaced by vacuum. The SCSM attempts to simulate these real and fictitious charges by piecewise-defined surface charge distributions. As a consequence, the solution will satisfy the governing differential equation exactly, but satisfies the boundary conditions only approximately. The present work employs segments with a linearly varying charge distribution for the discretisation and Galerkin's method for deriving the SCSM equations.
Potential and field due to an axi-symmetric strip
Potential due to axi-symmetric strip:
The potential at (/', 2) due to an axi-symmetric strip with respect to infinity [8] is given by
y(r_ : z}=-^~ I Ps r'F'(r',z)dl
The linearly wrying surface charge density along with the coordinates (V, ±) can he expressed in terms of a noimalised variable t as where -l<f<+l and (H. Zj) and (r 2 , z 2 ) are the coordinates of the end points of the strip. The direct analytical integration of the above equation is impractical and hence Gaussian quadrature is employed. Calculation of the potential on the segment itself leads to a singularity and hence ordinary numerical integration fails. To overcome this problem, a direct integration on the simplified expression is adopted for the neighbourhood of the singularity and regular numerical integration for the remaining portion [8] . For the singularity on the starting point of the segment, the potential is given by T is the value of t until that range potential is computed analytically and the rest is computed numerically. If T covers the whole range, then the potential is computed analytically.
For a singularity at another portion of the segment, the original semnent is suitably divided near the singularity and each part is handled separately. 
Electric field due to axi-symmetric
SCSM formulation
For a segment on the Dirichiet boundary with a specified potential V h the Galerkin approach of minimising the residue leads to
where ell is the elemental length on the measuring segment. df is that on the source segment, N is the number of segments (strips). F-, is the cross-section of the source segment i and T ; is the cross section of the measuring strip/, There are two interpolation functions for each strip. jVi =(I -/)/2, N 2 -(I +0/2, and therefore k assumes I to 2. Similarly, for a segment on the dielectric interface, the Galerkin approach to satisfying continuity of normal electric flux leads to (5) where E,, f; 2 are permittivities of the media, pj is the fictitious charge on the interface and E n is the normal component of the computed electric field at the interface segment due to the charges contained in other segments.
For the floating conductors, their potential Vj is unknown and therefore an additional variable appears in the formulation. However, by employing the equi-potentiality condition along with the condition on total charge; the above problem can be resolved. The final equations are
The above equation is applicable to all segments on a given floating conductor. For every floating conductor, the additional equation from the condition on charge is where the last term represents the real charge, if any, on the floating conductors.
Modelling of surface conduction
The surface conduction originating from the deposition of the pollution at the air/porcelain interface can lead to the accumulation of charges along the interface.
At the material interface the electric field has to satisfy the condition D\ n -D^n -IT,., where <T 5 is the interfacial surface charge density. Further, at the interface, any divergence in surface current densities must be compensated by the displacement current densities [9] : V, .J A = -da s /dt, where /, is the surface current density and V v -the divergence operator defined over the surface representing the interface.
From the above equation, the following equation can be arrived at [9, 10] :
where j = \/-T, tt> is the angular frequency of the system voltage, /. i-I, if 1 denote grid points (ordered from the top), R; and R i+ \ are the surface resistances attributed to the segments under consideration, V,_\, V it V i+ \ are the potentials at the grid points and S f is the surface area attributed to the grid point under consideration. The surface area and resistance can be computed by Si = /ji(n + r 2 )/2, where /denotes the length of the segment; r\, r 2 are the radii of the end points of the segment and
where ft, denotes the surface resistivity of the segment. When the two radii are equal then the surface resistance is given by ./?, = k x lt2nr 2 .
The corresponding BEM equation for the interface with surface conduction and hence the surface charge accumulation is where fa and fa are the self and mutual field coefficients, Pi-\, j, Pi. j and p i+ 1.; are the potential coefficients of the nodes /-I, i if 1 with respect to segment of charge j, p., is the surface charge density, K\ and B 2 are the permittivities of the participating media, T, is the cross-section of the segment / and A^ is the interpolation function.
